A mixed-structure form of one-dimensional metamaterial structure composed of single negative permittivity material and anisotropic metamaterial has been investigated in this paper. Such a multi-layer metamaterial structure constitutes special resonant structures, which can be used to control wave propagation and realize the complete separation of TM and TE wave by choosing specific parameters. Theoretical analysis and numerical calculations have been performed to confirm the above results. Specifically, augments in incident angles of TM and TE waves make complete transmission frequencies right shift, and the thicknesses of this resonant structure determine propagation modes and propagation frequencies. 
Introduction
Forty years ago, Veselago proposed the concept of negative refractive index [1] , Pendry came up with the manufacture process for negative refraction material in 1996 [2] , and Smith realized negative refraction in experiments for the first time in 2002 [3] . The electromagnetic properties exhibited by metamaterials has attracted worldwide attention. The variability of the electromagnetic parameters in metamaterials can be utilized to produce different types of electromagnetic (EM) materials [4] [5] [6] (e.g. single negative permittivity material ( < 0 µ > 0), single negative permeability material ( > 0 µ < 0), double negative permeability and permittivity material ( < 0 µ < 0), gradient parameters electromagnetic material, etc.). In previous studies on artificial EM materials, various interesting and novel phenomena have been discovered [7] [8] [9] [10] [11] [12] [13] such as perfect imaging, super-flow in the waveguide, wave rotation, electromagnetic wave division, invisibility cloaks, and so on. Because the peculiar EM characteristics of metamaterial have many potential applications, much attention has been paid to theoretical research in ideal isotropic metamaterials [14] [15] [16] . As a matter of fact, the practical man-made metamaterials consist of periodic or aperiodic structure [17] . It is difficult to manufacture isotropic material due to inherent structure asymmetry. The propagation properties of TM and TE waves in isotropic materials are different from those propagating in anisotropic materials [18] [19] [20] . As a result, it is of practical significance to do some research on anisotropic electromagnetic artificial metamaterial [21] . In this paper, we investigate the propagation properties of TM and TE wave in a special anisotropic metamaterial structure. It is known that there are different propagating properties in anisotropic EM materials for TM and TE wave. In order to discuss whether the TM wave could be separated from the TE wave completely, we propose a new type of one-dimensional artificial electromagnetic structure in which negative permittivity tensor materials intersect with anisotropic metamaterials periodically. Then, the generalized reflection coefficients of TM and TE waves can be calculated. Furthermore, we choose specific parameters to simulate the distribution of TM and TE wave. Finally, it can be found that such an anisotropic metamaterial structure can be used to control wave propagation and realize the complete separation of TM and TE waves by choosing specific parameters.
Physical model and computational method
As illustrated in Figure 1 respectively. For simplicity, we first investigate the case of an infinite half space. To be concrete, one half space is filled with air and another half space is filled with anisotropic metamaterial¯ = ( ) with isotropic permeability µ 0 = 1. We assume that an incident transverse electric polarized wave ( E = (
) enters into a half space with biaxial anisotropy electromagnetic parameters ( and 1 represent the respective wave vector of the axis and axis). Using classical electromagnetic field theory, the reflection coefficient (R
T E
) and transmission coefficient (T
) can be easily calculated:
(1)
where is the wave vector of the z axis with = ω 2 0 µ 0 − 2 ( = 1 2 represent two different infinite half spaces) [14] . Similarly, when an incident TM wave enters into a half space with anisotropy electromagnetic parameters, the reflection coefficient R 
where R +1 means the reflection coefficient when the adjacent two layers of multi-layer material are separated as the half space, R +1 means the generalized reflection coefficient between layer and ( + 1) layer and +1 − is the thickness of the layer. Regions A ( = 1 2 3 ) are filled with single negative permittivity materials which makes the wave vectors of the axis ( = 1 2 3 ) imaginary. Thus, the electromagnetic wave attenuates along its propagation direction and cannot transmit across long distance, i.e., pseudo transmission mode. If the thicknesses of the A ( = 1 2 3 ) are smaller than the wavelength of the transmission wave, the electromagnetic wave will penetrate across A and propagate into the adjacent layer B ( = 1 2 3 ). It should be noted that A could be looked upon as a two-dimensional metal plate waveguide because its adjacent layers A A +1 are filled with single negative permittivity tensor materials. When the incident wave penetrates across A and reaches B , if the frequency of incident wave satisfies the guided wave frequency of B , this specific frequency wave can be transmitted over B . As a whole, the electromagnetic wave can propagate along this multi-layer material, which is comparatively transparent to the incident wave.
Numerical results
For the established one-dimensional anisotropic metamaterial structure (AB) Hz. Regions B ( = 1 2 3 ) are filled with the anisotropic metamaterial whose electromagnetic parameters can theoretically be designed at will. As we know, metamaterials are essentially anisotropic, and it is difficult to fabricate anisotropic metamaterials with the designated electromagnetic parameters in practice. In order to realize the complete separation of TM and TE waves, the uniaxial metamaterials with = 2 91, = 1 0, = 2 57 and an isotropic permeability µ 0 = 1 are used in Region B, with electromagnetic parameters the same as those of uniaxial crystal GaSe. There is no doubt that metmaterials with other anisotropic parameters can achieve the Hz) for T M waves. These specific frequencies of sharp peaks are complete transmission frequencies, meaning that T M and T E wave of these transmission frequencies would be separated completely, and that the separated wave would transmit through the layer totally. With increasing incident angle, the band gap range becomes wider and there exists a right shift trend. At the same time, the variation of T E transmission frequencies is more obvious than for the T M wave. When the incidence angle is larger than π/3, the T E wave still has two complete transmission frequencies while the T M wave cannot transmit through the multi-layer metamaterial structure, representing the complete separation of the T E wave from the T M wave. m. It can be observed that even when the thickness of layer A changes, the propagation modes of the T M wave and T E wave keep constant if the thickness of layer B, which determines propagation modes, does not change. Specifically, there are 3 complete transmission frequencies for T E wave and 2 complete transmission frequencies for T M wave. Under the four different thicknesses of layer A, the center frequency of T E transmitted wave and T M transmitted wave are invariant. Therefore, when the thickness of A is not too thick, it is operable to realize the propagation and complete separation of several specific frequencies of T M wave and T E wave. When the incidence angle becomes large, the propagation modes are similar to Figure 3(b,c,d ). It has been proved that the electromagnetic wave is propagation-attenuated in single negative permittivity material layer A. If the thickness of layer A were smaller than the wavelength of incident wave, the incident wave could propagate through layer A and reach into layer B. Properties of this novel one-dimensional metamaterial structure are similar to plate metals. If the thickness of this metamaterial structure became larger (still less than the wavelength of incident wave), the wave propagation modes would correspondingly become more and more determinate. It can be seen in Figure 3 (a) to Figure 3 (d) that the transmission peaks become more and more sharp with increase of the thickness of layer A. It is this special resonant structure of this novel one-dimensional metamaterial structure which makes electromagnetic wave propagation possible. However, with the increase of thickness of layer A, the attenuation of the propagation wave becomes increasingly significant. If the thickness of layer A were larger than the wavelength of incident wave, the incident wave could not propagate through layer A (not shown here).
The influence of the thicknesses of A ( A ) on reflection spectrum

The influence of the length of B ( B ) on reflection spectrum
Assuming the thickness of layer A = 6 × 10 m). It can be observed that the propagation frequencies of T M and T E wave vary with the increase of the thickness of layer B. Specifically, the propagation frequencies of T E wave show a left shift trend and the propagation frequencies of T M wave show a right shift tendency. Furthermore, T E propagation modes are different from T M modes when they propagate through this metamaterial structure. As a result, T M and T E waves can be separated when choosing different thickness of layer B. As we know, the propagation modes are determined by properties of this novel structure. When the thickness of layer B varies, the resonant structures of layers A and B change, with the result that resonant modes change correspondingly. In this structure, the thicker layer B is, the more the propagation modes there are (Figure 4) . Thus, by augmenting the thicknesses of layer B, more specific frequencies of T M and T E waves can be completely separated.
Theoretical analysis
As layer A is filled with single negative permittivity material, the wave vector becomes an imaginary number. When electromagnetic wave enters into this multi-layer structure consisting of single negative permittivity material, the amplitude of propagation wave is continuously attenuated along the propagation direction and the wave cannot transmit along a very long distance. If the thickness of layer A is smaller than the wavelength of the electromagnetic wave, the incident wave can penetrate into layer A and reach layer B. Since both sides of layer B are filled with negative permittivity material, ABA is considered a structural unit of two-dimensional metal plate waveguide. If the incident frequency satisfies guide wave frequency or resonant frequency, the incident wave at this particular frequency can transmit along this structural unit. Moreover, as the thickness of layer A is smaller than wavelength, the incident wave can propagate through the multi-layer and then become a propagation wave. For a two-dimensional metal plate waveguide,
are separate guided wave conditions of T M wave and T E wave. As layer A is not an ideal conductor, the equivalent resonant structure ABA shows slight differences compared with an ideal two-dimensional metal plate waveguide in terms of resonant modes and guided modes. Thus, in the above dispersion relation, is the equivalent thickness of the equivalent resonant structure ABA instead of that of layer B. On the one hand, when the incident angle is large, it can be seen from the dispersion relation that guided wave conditions of the T M wave and T E wave are different, and then the frequencies of transmitted wave are different, which can lead to the separation of T M wave and T E wave. On the other hand, when the incident angle is very small (near to 0), if layer B is filled with isotropic material, the waveguide modes of T M and T E wave are the same; as a result, the T M wave cannot be separated from the T E wave. If layer B is filled with anisotropic material, it can be shown from the dispersion relation that ( = 1 2 3 ) is determined by the anisotropic electromagnetic parameters. In anisotropic material, the guided conditions of T M wave are different from those of T E wave. Therefore, no matter what the incident angle is, the T M and T E wave can be separated by choosing proper anisotropic electromagnetic parameters. From Figure 3(a) , it is seen that there are 3 frequencies for TE wave and 2 frequencies for TM wave which can propagate through the multi-layer structure totally. Each peak frequency means differing resonant mode in this structure. The first peak frequencies of TM and TE waves are 1 031 × 10 11 Hz and 1 104 × 10 11 Hz, respectively. Hz along the z-axis, where = 10; the other conditions are the same as Figure 3(a) . The dotted lines in Figure 5 represent different structure layers. It can be seen that there are 2 different ABA-resonance structures for TM and TE wave in this 10-layer structure. In terms of every ABA-resonance structure, the TM and TE wave have their own propagation and resonance modes.
Conclusion
This mixed-structure form of one-dimensional metamaterial structure composed of single negative permittivity material and anisotropic artificial electromagnetic material can constitute a special resonance structure to realize the complete separation of T M and T E wave of specific frequencies. The thickness of layer B is the key factor of determining resonance modes. Thus, choosing proper thickness of layer B can realize the complete separation of TM and TE wave for different frequencies. This phenomenon might have some potential applications in optical device design.
